Plant cell biofactories represent a promising solution to the increasing demand for plant-derived compounds, but there are still limiting factors that prevent optimal production, including the loss of yield during in vitro maintenance. Our results reveal a clear correlation between genomic methylation levels and a progressive decline in taxane production in Taxus spp. cell cultures. A comparative study of two cell lines, one 10 years old and low productive and the other new and high productive, revealed important differences in appearance, growth, taxane accumulation and expression levels of several taxane biosynthetic genes. Differences in taxane content and gene expression profile indicate an altered pathway regulation and that the BAPT gene, located in the center of the expression network of taxane biosynthetic genes, is active in a potentially flux-limiting step. The methylation patterns of the BAPT gene were studied in both cell lines by bisulfite sequencing, which revealed high rates of CHH methylated cytosines on the core promoter. Using a bioinformatics approach, this hotspot was identified as a Y-patch promoter element. The Y-patch may play a key role in the epigenetic regulation of the taxane biosynthetic pathway, which would open up novel genetic engineering strategies toward stable and high productivity.
Introduction
The increasing demand for plant-derived compounds highlights the need to develop new methods that guarantee high production rates. Plant cell cultures used as biofactories are an interesting alternative for producing a great diversity of products through environmentally friendly and economical procedures (Exposito et al. 2010) . Most plant compounds of pharmaceutical interest arise from secondary metabolism, involving a huge variety of biosynthetic processes, each one with its own exclusive genetics. The vast secondary metabolite diversity hampers the understanding of synthetic pathways, particularly their regulatory mechanisms, making the genetic engineering of cell cultures a complex challenge.
Due to the high prevalence of cancer worldwide, there is an urgent demand for anticancer drugs. Among the available compounds, taxanes, especially paclitaxel (PTX; Taxol Õ ), are effective antineoplastic agents with a demonstrated effect on several types of cancer. The low concentration of PTX in its natural source, approximately 0.01% of the dry weight of the inner bark of Taxus spp., has prompted research into new methods to boost its production (Cusido et al. 2014) . The complete taxane biosynthetic pathway can be divided into early, intermediate and late steps. The early steps comprise the formation of the precursor geranylgeranyl diphosphate by geranylgeranyl diphosphate synthase (GGPPS) and its cycling into taxa-4(5),11(12)-diene by taxadiene synthase (TXS); the subsequent action of several hydroxylases such as T13OH leads to taxa-4(20),11(12)-dien-5a-acetoxy-10ß-13a-diol. The intermediate part of the pathway, finishing with the formation of the diterpene intermediate baccatin III (BACIII) , involves most of the unknown taxane biosynthetic genes, including those encoding four hydroxylases acting at C1, C2, C7 and C9, and a subsequent oxidation and epoxidation towards a polyhydroxylated intermediate. Although the exact order of the unknown steps has not been elucidated yet, two hydroxylases have been characterized (T7OH and T2OH) and the enzymes taxane2a-O-benzoyltransferase (TBT), taxadien-5-alpha-ol O-acetyltransferase (TAT) and 10-deacetylbaccatin III-10b-O-acetyltransferase (DBAT) are known to be involved in the benzoylation and acetylation of the polyhydroxylated intermediate leading to BACIII. In the last steps, the side chain precursor is formed by phenylalanine aminomutase (PAM) and activated with CoA binding by a b-phenylalanine-CoA ligase. The side chain is attached to BACIII by baccatin III 13-O-(3-amino-3-phenylpropanoyl) transferase (BAPT), giving 3'-Ndehydroxydebenzoyltaxol, and PTX is produced after hydroxylation and benzoylation by an uncharacterized hydroxylase and 3'-N-debenzoyl-2'-deoxytaxol-N-benzoyltransferase (DBTNBT), respectively (Croteau et al. 2006 , Nims et al. 2006 . Although the enzyme responsible for the activation of b-phenylalanine to form the side chain has been characterized recently, the complete biosynthetic pathway and therefore its regulatory mechanism is still unknown (Ramirez-Estrada et al. 2015) .
Taxus spp. cell cultures have proven to be a useful system for the production of PTX and intermediate metabolites used to obtain PTX by semi-synthesis. Furthermore, plant cell cultures can undergo empirical or rational manipulation to improve the natural production in cells, as well as providing a powerful tool to explore the regulation of the biosynthetic pathway (Cusido et al. 2002) . Empirical optimization procedures using elicitation have successfully increased taxane yields in Taxus spp. cell cultures (Bonfill et al. 2007 ), but several studies report that the maintenance of in vitro cultures leads to a progressive loss of production, a serious handicap for a commercial system (Kim et al. 2004) .
Previous studies have shown a correlation between DNA methylation levels and low yields of secondary metabolites in in vitro plant cell cultures during subculture (Vanyushin and Ashapkin 2011, Tyunin et al. 2012) . In plant genomes, DNA methylation can be found in three cytosine contexts: CG, CHG and CHH (H being any nucleotide except G), in contrast to mammals, where it is restricted to CG dinucleotides (He et al. 2011) . Two mechanisms are responsible, each with its own molecular machinery: de novo and maintenance methylation, where de novo establishes new patterns of methylation and maintenance conserves patterns in the newly generated strands of DNA during cell division (Morales-Ruiz et al. 2006, Vanyushin and Ashapkin 2011) .
In plants, DNA methylation plays an important role in the suppression of the expression of transgenes, transposons and viral sequences, but considerable data also show its physiological importance in diverse processes such as transcription regulation, vernalization or long-term adaption to the environment (Bossdorf et al. 2008 , Boyko and Kovalchuk 2008 , Jablonka and Raz 2009 . Studies have shown diverse patterns in DNA methylation in genetically identical plants under different stress conditions, after being stable for several generations (Verhoeven et al. 2010) . It is therefore not surprising that cell lines subcultured for long periods of time can adapt their physiology to an in vitro environment by altering their methylation patterns.
Similarly, plant secondary metabolites can be produced in response to environmental stress stimuli, both biotic and abiotic. The production of these compounds is strongly controlled at the transcriptional level, although post-transcriptional regulation may also serve as a control in some cases (Duraisamy et al. 2016) . In eukaryotic cells, transcription regulation is mediated by specific regulatory proteins or transcription factors (TFs) that bind specific DNA sequences (cis-regulatory elements or motifs) (Vandepoele et al. 2009 ). These cis-regulatory elements directly influence gene expression and they are usually organized in complex modules (cis-regulatory modules or CRMs). Thus, CRMs are essential players in the mechanism by which cells regulate their responses to the environment (Priest et al. 2009 , Duan et al. 2016 .
Cis-regulatory elements, known to be involved in gene regulation (Pilpel et al. 2001 , López-Ochoa et al. 2007 , Michael et al. 2008 , can be classified on the basis of their location along the promoter sequence relative to the transcription start site (TSS). The core promoter and the promoter-proximal region are found within -80:+35 bp and -100:-200 bp of the TSS, respectively (Griffiths et al. 2000) . The core promoter is responsible for the initiation of transcription through the recruitment of the RNA polymerase II machinery (Juven-Gershon and Kadonaga 2010). Elements commonly found in plant core promoters are the TATA-box, initiation region (INR), downstream promotor elements (DPEs), the CAAT-box and the Y-patch. Although some of these motifs can initiate transcription unaided, they are frequently found in different combinations (Bilas et al. 2016) . Although the main function of core promoter elements is to initiate transcription, others located in this region, such as the CAAT-box and Y-patch, can facilitate it (Yamamoto et al. 2007 , Porto et al. 2014 . The promoter-proximal region normally contains several cis-regulatory elements that can act as enhancers or silencers by the binding of specific TFs. They can regulate from 10 to 100 genes and therefore some specific motifs are shared between genes with similar expression patterns (Griffiths et al. 2000) .
Although the maintenance of Taxus spp. in vitro cultures is known to generate an increase in methylation levels along the genome while the taxane yield progressively decreases (Fu et al. 2012 , Li et al. 2013 , there are no data on the specific target of this methylation or the concomitant transcriptional alteration of taxane biosynthetic genes over time.
The aim of the present study was to perform an exhaustive comparison between two TaxusÂmedia cell lines, one 10 years old and low producing, and the other newly induced, to reveal specific changes produced during their maintenance. The taxane production rate of the cell lines was compared to confirm the decrease in yield, and the expression profile of several genes of the taxane biosynthetic pathway was determined to reveal transcriptional alterations. A data set available from a previous transcriptome analysis ( Ramirez-Estrada et al. 2015) was used to construct a gene expression network, which allowed us to select a representative gene on the basis of its expression profile. The methylation pattern in the candidate gene was studied in depth along its entire sequence, including the promoter, gene core and 3'-untranslated region (UTR). The exact level of methylation was determined at single-cytosine resolution to find hotspots of DNA methylation in both cell lines. Bioinformatics analyses were carried out to identify putative cis-regulatory elements corresponding to this discrete accumulation. More in-depth knowledge of the regulatory mechanisms involved in the decline in taxane productivity could enable the genetic modification of highly productive cell lines that remain stable over time.
Results

Cell morphology and phenotypic analysis
New and old T.Âmedia cell cultures exhibited notable phenotypic differences in both calli and cells. The newly induced calli consisted of deep-brown aggregates (Fig. 1B) , in contrast to the light-brown friable tissue of the old calli (Fig. 1A) . Microscopic analysis revealed the variable shapes of the new cells (Fig. 1D) , which had numerous plasts throughout the cytoplasm, whereas the highly vacuolated old cells had a regular round shape (Fig. 1C) . Cell cultures established with both types of callus tissue maintained the same phenotypic traits (Fig. 1E, F) .
Using a two-stage culture method, cells were cultured in growth medium for 12 d and then switched to a production medium with or without the elicitor methyl jasmonate (MeJA). The fresh weight increase was monitored throughout the assay to determine the growth index. The maximum cell growth was obtained after 16 d in the production media in all studied conditions. In control conditions the growth index of the old cell cultures was 0.683, a significant increase (P-value <0.005) when compared with the lower 0.402 of the new cultures in the same period of time. The presence of MeJA slowed down the growth of the new cultures, which had a growth index of 0.035 (a reduction of 91.29%). The old cell cultures responded differently to this elicitor, their growth index being 0.553 (a reduction of only 19.03%), also significant compared with the previous one (P-value < 0.001) (Supplementary Table S1 ). The fresh weight increase was comparable in both cultures due to a similar percentage of water content. A comparison of fresh and dry weights revealed a water content of 94.12% and 94.48% in the new and old cells, respectively.
Taxane production
New and old T.Âmedia cell cultures were maintained in a production medium elicited or not (control) with MeJA, and the cell-associated and extracellular taxane production was measured at days 8, 16 and 24 (Fig. 1G) .
The taxane production under control conditions peaked at day 24 in both old (2.48 mg l ) cultures. The addition of MeJA increased the taxane yield in both cultures: the maximum taxane content of the old cells was 4.08 mg l -1 at day 24, 1.16-fold higher than the control (Fig. 1G) , and 16.48 mg l -1 at day 16 in the new cells, a 3.02-fold increase. Thus, MeJA induced a significant increase in the taxane yield of the new cells, which was 4-fold higher than in the old cells. Fig. 1G also shows the percentages of excreted taxanes. The maximum taxane excretion, almost 80%, was found in the new cell line under elicited conditions at day 16, coinciding with the highest taxane yield. The lowest levels of taxane excretion occurred in the old cell line, being only 30% at the peak of production at day 24 in the elicited culture.
The five analyzed taxane structures were classified as intermediate [10-deacetylbaccatin III (DABIII) and BACII)] or endproducts [10-deacetyltaxol (DAT), cephalomannine (CEPH) and PTX] of the taxane pathway. In all samples of the new cell cultures, with or without elicitation, almost 80% of taxanes were end-products, whereas old cell cultures had a higher content of intermediates. At the peak of production, 50% of taxanes in the old elicited cells were intermediates, compared with 21% in the new elicited cells (Fig. 1H ).
Biosynthetic pathway transcription profile
The transcription profile of the taxane biosynthetic genes in both new and old cell cultures was determined by a nanofluidic quantitative real-time PCR (qPCR) system (Fig. 2) . The target genes of this study were divided in three groups, depending on their location in the pathway: early (GGPPS, TXS and T13OH), intermediate (T7OH, TBT and DBAT) and late steps (PAM, BAPT and DBTNBT). All the genes were up-regulated when MeJA was added to the cultures, with the highest expression levels occurring in the new cultures.
The transcript levels of GGPPS, TXS and T13OH were highest in the new cell cultures treated with MeJA. The maximum expression of GGPPS and TXS was at 48 h, with a 349-and 54-fold increase, respectively, compared with the reference value (the expression level before changing to the production medium), and for T13OH it was at 12 h with a 4.74-fold increase. The addition of MeJA also had an up-regulation effect in the old cell cultures but with lower values (185, 35.57 and 1.92 times the reference value for GGPPS, TXS and T13OH, respectively).
The T7OH and DBAT genes showed similar patterns of expression after elicitation, but with variations according to the age of the culture. In the new cells, T7OH and DBAT transcript abundance increased abruptly (2 and 16.37 times the reference value, respectively), whereas in the old cells, the increase was lower and more persistent in time (approximately 1.36 and 10 times the reference value, respectively). The expression pattern of TBT was very similar in new and old cell cultures, increasing under elicitation from practically undetectable levels in control samples, and then remaining at a steady level.
The transcripts of PAM, BAPT and DBTNBT genes were almost undetectable in both cell cultures under control conditions. In the new cells elicitation induced an abrupt almost 7-fold increase in expression of the three genes, which thereafter decreased to undetectable levels. In contrast, in the old cells, elicitation had a less marked effect, inducing 2-, 1.6-and 1.45-fold increases in expression of PAM, BAPT and DBTNBT, respectively, although levels in the samples remained steady from 6 to 48 h.
In the old cell cultures, the gene expression of the early and mid-pathway genes GGPPS, TXS, T13OH, T7OH, TBT and DBAT was only slightly lower (1.88-, 1.52-, 2.47-, 1.49-, 1.07-and 1.52-fold) compared with the new cultures, whereas the transcript levels of late pathway genes PAM, BAPT and DBTNBT were notably lower (3.47-, 4.03-and 4.24-fold, respectively).
Expression network of the taxane biosynthetic pathway
To study the epigenetic methylation pattern of the taxane biosynthetic pathway, it was necessary to select a candidate gene. Thus, an expression network was constructed using transcriptomic data from a previous study (Ramirez-Estrada et al. 2015) , where a genomewide transcript profiling of Taxus cell cultures was carried out under elicited (MeJA) and control conditions. First, the expression similarity was checked between a group containing all taxane-related genes (general taxane group of 62 transcripts) and another including only genes known to be involved in taxane biosynthesis (taxane group of 17 transcripts), calculating the expression coherence (EC) (Fig. 3A) . The EC allows the quantification of expression similarity within a group in a range from zero to one. Both groups showed a higher EC than expected by chance, and more so in the specific taxane group (0.177 EC) (Fig. 3A) . Since the EC showed a higher similarity in the expression profiles of the taxane group, a correlation matrix within the transcripts using the Pearson correlation coefficient (PCC) was constructed.
The gene co-expression network was constructed with PCC values higher than the threshold value (calculated as the 95th percentile of a random set of almost 1,000 genes), obtaining two main clusters: cluster 1 (TBT, DBTNBT, TAT, DBAT, BAPT and an acyl-CoA ligase) and cluster 2 (with four different transcripts of the TXS gene). Inside cluster 1, BAPT and TBT genes showed the largest degrees of the network with six and five neighbors, respectively, obtaining a central place in cluster 1 (Fig. 3B) . Transcripts belonging to the TXS gene (TXS-1 to TXS-4) are clustered together, indicating that its expression pattern differs from the rest of the group.
To confirm the coherence of the clusters created in the network, the EC for each one was recalculated. An EC value of 0.607 was obtained for cluster 1 and 0.833 for cluster 2, which were higher than in the random set, ratifying the similarity between the expression patterns of genes clustering together. The high EC values for cluster 1 indicate that the genes clustered together could be co-regulated by shared cis-regulatory elements and represent good candidates for the taxane pathway regulation mechanism. Moreover, as the objective was to find a single gene with a maximum regulatory effect in the taxane biosynthetic pathway, BAPT was selected to perform a more in-depth epigenetic pattern analysis.
Methylation patterns
The bisulfite sequencing technique was used to reveal different methylation patterns in BAPT sequences between new and old cell cultures. The analysis of the methylation levels covered the Fig. 2 Transcript profiling of genes involved in taxane biosynthesis in old and new cell cultures, under control (C) and elicited (E) conditions. The taxane pathway depicted on the left shows the studied steps and the molecules involved: isopentenyl diphosphate (1), dimethylallyl diphosphate (2), geranylgeranyl diphosphate (3), taxa-4(5),11(12)-diene (4), taxa-4(20),11(12)-dien-5a-acetoxy-10ß-13a-diol (5), putative polyhydroxylated intermediate (6), 10-deacetylbaccatin III (7), baccatin III (8), a-phenylalanine (9), ß-phenylalanine (10), 3'-N-debenzoyltaxol (11) and paclitaxel (12). Colors in the expression profile represent different scales (red, 0-350; orange, 0-55; purple, 0-17; blue, 0-7; green, 0-4). promoter region (5'-UTR), the gene core and the 3'-UTR, and it differentiated between the three possible cytosine contexts.
Studying the specific methylation levels of every cytosine (Table 1) , the only context with significant differences were the CHH cytosines in the three studied fragments. The highest difference in CHH methylation levels was in the gene core, being 26.31% higher in the old culture compared with the new; in the promoter and the 3'-UTR sequences, the levels were 14.22% and 16.03% higher, respectively. The CG context showed the highest methylation rates in all cases, followed by CHG, both without significant differences between the old and new cell cultures in all three fragments. Regarding the total methylation level, significant differences were only found in the gene core and the 3'-UTR, with a higher methylation level of 17.29% and 16.14%, respectively, in the old cells.
To detect methylation hotspots within the sequences, the general methylation state where the cytosines were represented as methylated or not was defined. The distribution of the methylated cytosines through the gene core and the 3'-UTR sequence was homogeneous, while the promoter sequence accumulated the methylated cytosines in a specific part of the sequence of 73 bp, from cytosine 115 to 188 (Fig. 4A) .
Furthermore, the specification of the cytosine contexts in the general methylation state revealed that the CHH context, besides being the major context in the three fragments, also showed the most differences between the old and new cell cultures ( Table 1 ). In the case of the promoter, the only differences in the general methylation state were in the CHH context, whereas the CG and CHG contexts were completely methylated. Hence, the accumulated methylation in the specific part of the region was due to the CHH context (Fig. 4A) .
Cis-regulatory element prediction
To determine if any cis-regulatory elements coincided with the methylation hotspot detected in the BAPT promoter, a prediction of regulatory elements was performed. As genes with similar expression patterns share regulatory elements, BAPT, DBTNBT, DBAT and TBT were used in the prediction, together with TXS and GGPPS.
As expected, all the studied promoters showed the minimal cis-motifs for transcriptional activity near the TSS. Despite this, the only sequence classified as a TATA promoter was the BAPT gene promoter. The other TATA-less promoters showed the necessary elements to carry out the function of the TATA-box, the INR and several copies of the DPE. Moreover, all the sequences contained the CAAT-box, an element that helps to increase transcription efficiency (Supplementary Table S4 ).
The most significant TF-binding sites found are summarized in Table 2 . MeJA-responsive elements were found through promoter sequences (CGTCA-motif, E-and G-boxes), together with hormone-responsive elements such as ABA-responsive (ABRE and ARE), gibberellin-responsive (GARE-motif ) and salicylic acid-responsive (TCA-element), which are also related to The specific methylation level is represented as the average methylation level of each cytosine context (*P < 0.05; **P < 0.005; ***P < 0.001).
The general methylation level is represented as the percentage of cytosines reaching 50% methylation.
stress. Notably, there were other motifs directly related to stress (MBS and the TC-repeats) and a high number of motifs involved in light response (ACE, Box-4, GT1-motif and the I-box). In relation to the conserved non-characterized motifs, a large number of conserved 5-, 6-, 7-and 8-kmers was found in the studied sequences (Fig. 5) . The motif composition within the clustered genes in the expression network was studied by comparing gene pairs. Approximately 40-45% of shared motifs between the genes clustered in the expression network were found, revealing the presence of specific CRMs. The lowest percentage of shared motifs was observed in GGPPS and TXS, being higher when the comparison was within each one. The majority of unknown motifs shared between BAPT, DBTNBT, DBAT and TBT showed homology for zinc-finger and MYB TF-binding sites, identified as possible interactors with basic helix-loophelix (bHLH) TFs. In addition, one of the motifs (TCTGCAGA) was homologous to sequences related to AP2-ERF TFs, usually related to jasmonic acid responses (Lackman et al. 2011) .
Taking all the prediction results, the predicted cis-regulatory elements were situated in the previously analyzed BAPT promoter sequence to identify the possible elements affected by the methylation accumulation in the region of 73 bp (Fig. 4B) . In this specific region, the TSS, INR and some DPEs involved in transcription initiation were located. In the complete analyzed promoter sequence, other accumulation foci of methylated cytosines (positions 29, 34 and 35) were also detected immediately before the CAAT-box, an element responsible for transcription facilitation.
In addition to the predicted regulatory elements, the highly methylated region had an increased presence of pyrimidine dinucleotides compared with the total promoter region (from 26.70% to 37.84%), while the content of purine dinucleotides was similar in both regions (from 21.95% to 22.97%). This region, surrounding the TSS, although not corresponding to a specific motif, has been described as a Y-patch due to an unusual concentration of pyrimidine dinucleotides (Yamamoto et al. 2007) . 
The presence (x) or absence (-) of the different elements in the studied genes are shown. 
Discussion
In several species, the use of cell cultures as biofactories has suffered from an important yield reduction over time. In this study with TaxusÂmedia cell cultures, a possible correlation between the low-productive phenotype acquired during in vitro maintenance and the methylation increment in key biosynthetic genes was identified.
The new cell cultures were deep brown (Fig. 1A) and had a very low growth index (Supplementary Table S1 ), and correspondingly produced high levels of taxanes (Fig. 1G) , which was also reported by Kim et al. (2005) . In contrast, the old unproductive cell line was light brown and had a high growth index as a consequence of a low taxane accumulation. These tendencies were heightened by MeJA elicitation, which increased the taxane content and reduced growth. Although the effects of MeJA were visible in both cell cultures, the response to the elicitor was low in the old cultures (Supplementary Table S1 ). Previous studies (Kim et al. 2005) have demonstrated that MeJA affects Taxus spp. growth not by a direct mechanism but by altering taxane metabolism; therefore, the different taxane contents could explain the differences in growth and pigmentation between the new and old cultures. Furthermore, when observed microscopically, the cells of the old cultures were rounded and larger than the elongated new cells.
As well as differences in taxane levels, the taxane profile and rate of excretion were also compared (Fig. 1g, 1h ) since taxanes vary in cytotoxicity. In the new highly productive cell culture, taxane metabolism was complete and pathway end-products were synthesized (taxadiene, CEPH and DAT), whereas in the old cultures the taxane pathway was partially inhibited and intermediate metabolites formed before the side chain attachments (BACIII and DABIII) were accumulated. Without the side chain, essential for the bioactivity of taxanes (Expósito et al. 2009 ), taxane cytotoxicity is reduced. This difference between the cultures indicates that a regulating mechanism may have silenced the final steps of the pathway. Taxane excretion was greater in the new cell cultures due to the high concentration of toxic taxanes, in accordance with previous results reported in highly productive T.Âmedia cell cultures . These results also reveal that the increase in excretion is related not only to the total taxane concentration but also to high accumulation of taxane pathway end-products.
The transcriptomic information obtained from both cell cultures shows alterations in gene expression, depending on whether they are up-or downstream of the side chain attachment (Fig. 2) . In accordance with the chemical species determined in the production assay, MeJA caused an increase in the expression levels of all the target genes but to different degrees, as reported previously (Onrubia et al. 2013 . The old cell cultures showed lower transcription levels for all the genes, most strikingly for those downstream of the side chain attachment (PAM, BAPT and DBTNBT), which were almost undetectable. These results, together with the higher levels of intermediate taxanes in the old cell cultures, suggest that a specific regulatory mechanism could be involved in the regulation of taxane biosynthesis during long-term in vitro cultivation, avoiding the accumulation of cytotoxic metabolites but not silencing the entire pathway. In particular, they indicate that BAPT, the gene responsible for the side chain attachment, may be a flux-limiting step in the taxane biosynthetic pathway.
In a computational approach based on our previous transcriptome-wide map of Taxus cell cultures (Ramirez-Estrada et al. 2015) , the genes involved in taxane biosynthesis were clustered in two groups (Fig. 3B) , indicating a similarity of expression patterns under MeJA elicitation. Complex biosynthetic pathways are normally under the regulation of several TFs, which make up different cis-regulatory elements (Priest et al. 2009 , Duan et al. 2016 . Even so, in silico studies have revealed that genes with similar expression patterns share cis-regulatory elements through their promotors, which explains why they are clustered together when expression is compared (Tavazoie et al. 1999 , Pilpel et al. 2001 , Vandepoele et al. 2009 ). Accordingly, the BAPT gene was selected as a candidate for two reasons: its numerous neighbors in the cluster (TBT, DBTNBT, TAT, DBAT and an acyl-CoA ligase), indicating similarity to a large number of genes, and the previously established importance of the side chain attachment step.
The methylation levels throughout the BAPT sequence were significantly higher in the old cell culture, in accordance with the data from a genomic methylation analysis where the methylation levels showed a progressive increase over a period of 5 years (Fu et al. 2012) . After the fragmentation of the complete sequence into promoter, gene core and 3'-UTR, differential accumulation was observed in the three structural parts of the gene. Although the general methylation levels were higher in the old cell culture in all three fragments (Table 1) , it was particularly apparent in the gene core, followed by the promoter sequence. These results reflect the regulatory function of methylation in gene expression, which is enhanced or silenced by accumulation in promoters and the gene cores. The lowest methylation levels were found in the 3'-UTR, with a minimal difference between old and new cultures, which confirms the function of this region as a regulator of post-transcriptional mechanisms not dependent on methylation.
Although the greatest differences in methylation levels were in the gene core, the distribution of the methylated cytosines in this fragment was homogeneous within all the studied sequences, whereas the accumulation in the promoter was located in a specific region. The most abundant context of the methylated cytosines was CHH; responsible for the methylation increase, CHH was the only context with significant differences between the old and new cell cultures ( Table 1) . As mentioned in He et al. (2011) , CG and CHG are targeted by the maintenance methylation mechanism. In contrast, CHH can only be methylated by a de novo mechanism, and its methylation patterns are more dynamic due to the absence of maintenance mechanisms during cell division (Vanyushin and Ashapkin 2011) . This was borne out by the methylation level in the old cell line, in which the methylated CG and CHG remained unchanged over several years, whereas methylation of the CHH context increased significantly.
The precise location of the methylated cytosines in the promoter was determined. The vast majority of the methylated CHH cytosines was concentrated in a specific region of almost 80 bp, and could have some relation to cis-regulatory elements found in this zone. The characterized methylation pattern combined with the prediction of cis-regulatory elements allowed us to identify some elements situated in the studied promoter region (Fig. 4B) . The CAAT-box, although not in the methylated region concentrating the majority of CHH cytosines, was located immediately after a group of methylated cytosines that could inhibit its function as a transcription facilitator (Porto et al. 2014 ). The animal CpG-rich region has not been defined in plant promoters, but a specific region called the Y-patch is thought to be its analog, and the specific region found in the BAPT promoter matches this element in location, longitude and pyrimidine composition (Yamamoto et al. 2007) . Despite this analogy, and in contrast to CpG-rich regions, it has not been previously demonstrated that Y-patches can accumulate high rates of methylation (Yamamoto et al. 2007 ). This study confirms that Y-patches are a methylation target, at least in the BAPT gene in a cell line analyzed after being maintained for 10 years. The high increment in methylation levels in the old cell culture, with a corresponding reduced taxane content and altered gene expression profile, indicates that BAPT may be a key gene in the regulation of taxane biosynthesis and control a flux-limiting step.
As the genes with similar expression patterns share CRMs, BAPT, DBTNBT, DBAT and TBT promoters were used in the cisregulatory element prediction, with TXS and GGPPS as outliers, and their results were compared with the clustered genes (Fig. 3B) . As expected, the percentage of shared motifs between the studied genes was higher in the clustered genes than in TXS and GGPPS. One of the most abundant characterized motifs was related to jasmonic acid responses; others were also related to hormone responses, such as ABA-, gibberellin-and salicylic acid-responsive elements ( Table 2) . Studies in Catharantus roseus, Arabidopsis thaliana, Nicotiana tabacum and Nicotiana benthamiana link plant response to stress conditions with TF-binding sites such as bHLH motifs and E-and G-boxes (Chatel et al. 2003 , Dombrecht et al. 2007 , Todd et al. 2010 , Zhang, et al. 2012 , motifs abundantly found in our analyzed sequences (Table 2) . Similarly, in Taxus spp., a large number of E-boxes in promoter regions have been characterized as binding sites for bHLH TFs involved in taxane regulation (Lenka et al. 2015) , and this motif was also found throughout all the analyzed sequences ( Table 2) . Cis-regulatory elements regulating several genes of the taxane pathway are providing new insights into the TFs acting on taxane biosynthesis regulation. Although the regions where these elements are located were not included in our analyzed sequence, the diminished response under MeJA elicitation regarding growth, taxane production and transcription of genes involved in the taxane pathway indicates that some of the identified motifs could be partially inhibited by methylation.
Stressing environmental factors can alter methylation patterns (Vriet et al. 2015) , as does the long-term maintenance of in vitro cell cultures, possibly because of cell habituation to a stressful environment (Pischke et al. 2006 ). This study demonstrated a methylation accumulation in one gene of the taxane biosynthetic pathway, and that some regions of the gene concentrate particularly high rates of methylation. The comparison of taxane production and the transcriptional profiles between the two cell cultures revealed that the biosynthetic pathway in the low-productive old line was incompletely inhibited, since taxanes continued accumulating. Instead, the inhibition affected a specific part of the pathway, leading to a reduced production of the cytotoxic compounds formed in the few remaining steps downstream. In support of this observation, the most methylated context was found to be CHH, which is a very dynamic event that could modulate methylation patterns according to changes in the environment. Similarly, secondary plant metabolites produced in response to environmental stresses are strongly regulated by transcriptional mechanisms, and our results correlate the increased methylation level with the loss of taxane production during T.Âmedia cell culture maintenance. These insights into the methylation regulation of the taxane biosynthetic pathway open up new possibilities in the rational manipulation of Taxus spp. cell cultures. Avoiding a progressive loss of secondary metabolism over time would open up the possibility of maintaining stable high-productive cell cultures for commercial purposes.
In conclusion, the BAPT gene may be a good candidate for pathway manipulation toward higher taxane production. The identification of the Y-patch as responsible for the decrease in secondary metabolism during in vitro culture, and the knowledge that the CHH methylation mechanism plays a key role in the Y-patch methylation, could lead to the development of methods to avoid production loss. To extrapolate these results, the inhibitor function of the Y-patch should be studied in other plant species of interest. New approaches to improving the production of taxanes and other secondary metabolites based on a better knowledge of epigenetic regulation could provide more stable high-productive cell lines for profitable and sustainable plant biofactories.
Materials and Methods
Plant material
TaxusÂmedia old calli were obtained by dedifferentiation of T.Âmedia young stem fragments (Expósito et al. 2009 ) and maintained for 10 years by periodic subcultures in Gamborg's B5 solid media (Gamborg et al. 1968) . To obtain new callus cultures, T.Âmedia young stem fragments were sterilized, dedifferentiated as above and maintained in the same media and growth conditions. Cell cultures were established from old and new friable calli (Cusido et al. 2002) .
Phenotypical analysis and microscopy images
Microscopic images were taken by a Motic BA310 microscope and Motic-cam 5.0 camera using the software Motic Images Plus 2.0. Images were taken under a Â10 ocular and Â10 objective, with a resolution of 1,296 Â 972, exposure of 1.233 s and gain of 1.55. The Student t-test was used for statistical comparisons between fresh weight increase, and a P-value of <0.05 was assumed for significant differences.
Total taxane extraction and quantification
Cell suspensions were cultured following a two-stage system, adding 100 mM of the elicitor MeJA in the second stage. Control and elicited samples from both young and old cells were harvested in triplicate at 8, 16 and 24 d after elicitation. Taxanes were extracted from lyophilized cells and culture media (Cusidó et al. 1999 ) and quantified by HPLC (Bonfill et al. 2003) . The Student t-test was used for statistical comparisons between old and new cell cultures, and a P-value of <0.05 was assumed for significant differences.
Transcription profile determination
New and old culture samples, both elicited and control, were harvested in duplicate at 0, 6, 12, 24 and 48 h. Total RNA was extracted from approximately 600 mg of cell cultures by the ARNzol kit (REAL) and treated with Superscript II Reverse Transcriptase (Invitrogen) to obtain complete cDNA from 1 mg of total RNA. GGPPS, TXS, T13OH, T7OH, TBT, DBAT, PAM, BAPT and DBTNBT expression was quantified on a BioMark HD nanofluidic qPCR system (Fluidigm Corporation) and 2Â SsoFast EvaGreen Supermix with Low Rox dye (BioRad). TaqMan PreAMP Master Mix (Applied Biosystems, ThermoFisher Scientific) was used to pre-amplify cDNA with specific primers (Supplementary Table S2 ) and exonuclease I to remove primers after pre-amplification. Primer efficiency was calculated by dilution series from the cDNA mix with all studied samples. Four reference genes were included in the analysis, but only TBC41 and ABC were used to normalize gene expression due to their stability. Relative quantification was done in two biological replicates with three technical replicates. Fluidigm Real-Time PCR Analysis v4.3.1 was used to calculate relative expression. The Student t-test was used for statistical comparisons, and a P-value of <0.05 was assumed for significant differences.
Direct bisulfite-sequencing
The methylation level of specific genes involved in taxane biosynthesis was studied by the bisulfite sequencing method. Genomic DNA was extracted from 200 mg of calli by an adapted Dellaporta protocol for DNA extraction from plant material (Dellaporta et al. 1983) . A total of 1.75 mg of genomic DNA was bisulfite treated using the EpiTect Bisulfite kit (Qiagen). Demethylated DNA by PCR amplification was used as a control to check the conversion efficiency of the treated DNA. Specific primers were designed to amplify segments up to 500 bp covering the complete sequence of the BAPT gene, including the 5'-and 3'-UTRs (Supplementary Table S3 ). The number of possible methylation sites was minimized in primer sequences and the cytosines or guanines included were changed to 'Y' or 'R' in the forward and reverse primers, respectively (Henderson et al. 2010) . Amplified DNA was checked in an 0.8% agarose gel and purified with Wizard SV Gel and the PCR CleanUp System (Promega). Samples were sequenced by an ABI 3730 DNA analyzer for capillary electrophoresis (Applied Biosystems, ThermoFisher Scientific). A genomic DNA sample without bisulfite treatment and a pre-amplified demethylated DNA fragment were used as controls.
Analysis of position-specific DNA methylation
An Ab1 file from the sequencing containing the chromatogram was used to calculate the percentage of methylation for every cytosine in the sequences as in Parrish et al. (2012) . The relationship of both signals represents the percentage of methylation of each cytosine. Using the peak signals, methylation levels (mC) were calculated following the formula mC = C/(C + T)Â100 for the forward primer amplification and mC = G/(G + A)Â100 for the reverse. To perform a deeper analysis of the methylation patterns, the BAPT sequence was split into the promoter sequence (5'-UTR), gene core and 3'-UTR. To obtain the general methylation state of the culture, the cytosines were represented as methylated (at least 50% methylation) or not. These sequences were aligned using Clustal Omega from EMBL-EBI tools (Li et al. 2015) and graphically represented by Cymate software (Hetzl et al. 2007 ) to detect methylation hotspots. Statistical analysis was performed with R software (R Development Core Team 2008). The F-test followed by the t-test were used for statistical comparisons. A P-value of <0.05 (*), <0.005 (**) and <0.001 (***) was assumed for significant differences.
Expression coherence and clustering by Pearson's correlation coefficient
Transcriptome data were obtained from a previous analysis of T.Âmedia cell cultures under control and elicited conditions by an amplified fragment length polymorphism (AFLP)-cDNA assay (Ramirez-Estrada et al. 2015) . To obtain the EC of the different groups, the Euclidean distance between the mean and variance-normalized expression pattern of each gene pair comprising the group [P = nÂ(n -1)/2] was used as described in Pilpel et al. (2001) . The similarity between expression profile patterns within a group of genes using PCC as described in Priness et al. (2007) was used to cluster gene sequences. The PCC threshold was calculated as the 95th percentile of a group of 1,000 random genes. Cytoscape 3.5.1 software was used to create gene clusters selecting all co-expression partners showing a PCC higher than or equal to the threshold.
Cis-regulatory element prediction
The putative cis-regulatory elements in the gene sequences were checked by Regulatory Sequence Analysis Tools for Plants (RSAT Plants) (Medina-Rivera et al. 2015) , PlantCARE Motif Sampler (Lescot 2002 ) and the TomTom tool (Gupta et al. 2007 ) from the MEME Suite software. The online tool TSSP was used to predict the putative TSSs and the presence of a TATA-box. The known consensus sequences for the different core promoter features were used to locate them within promoter sequences. To predict the CRMs, the online tool PlantCARE was used to extract the motifs through the nucleotide sequences related to characterized TFs, and RSAT Plants were used to identify conserved unknown motifs between the promoter sequences. In order to identify the relevant shared motifs, they were compared through a TF-binding site database using MEME suite software (TOMTOM tool).
Accession numbers
The analyzed genes were obtained from the NCBI database and are accessible under the accession numbers: KC988329.1 (BAPT complete gene), FJ603641.1 and EF028093.1 (DBAT promoter and CDS), FJ603644.1 and AY563629.1 (DBTNBT promoter and CDS), AY566309.1 (GGPPS complete gene), JF338880.1 and AY970523.1 (TBT promoter and CDS) and EF153471.1 and DQ305407.1 (TXS promoter and CDS).
Supplementary Data
Supplementary data are available at PCP online. 
